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SUMMARY 

This paper presents the results of a theoretical and experimental 
investisation to utilize the susceptance probe in an automatic wave- 
guide tunine system. By means of a servo loop, the probe is positioned 
longitudinally along the waveguide and at the proper devth to effect a 
match in the waveguide system. The error signal for servo use is 
obtained by causing the probe to move in a circular scanning motion, 
As a result of this scanning motion the reflected wave is modulated, 
and this modulation envelope serves as the error signal. An error 
detection circuit is also proposed and discussed, 

Experimental confirmation of certain phases of the theory is 


included. 
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Impedance matching is an important design recuirement for waveguide 
feed systens. The recent trend toward broadband operation of radar 
equipment nas greatly increased these requirements, in that low 6 
across wide bandwidths are required. For any waveguide system at a 
given frequency, the maximun VNR may pe equal to tne product of the 
VO^R'!s of tbe individual components.* The requirement that all cor 
ponents present a ninimun V3;E across a band of frequencies presents 
problems whose solutions are obtainable only after extensive 
experimental work on the individual components. This is varticularly 
true in the case of inherently narrow bend components, such &s rotary 
joints. 

The approach used to date to achieve broadband matching in a 
waveguide system may be described in two phases. First, each component 
is compensated by adding matchine devices at the discontinuities 
involved. Oftentines an accentable match cannot be achieved in this 
manner due to other considerations. As an example, the combination of 
a step, a resonant ring, and a capacitive button (as nay be used to 
' compensate a rectangular-to-round rotating transition) may result in a 
power breakdown factor wnich is too low. Often, therefore, the second 
phase of tne matching procedure is to add a discontinuity at a point 
remote from the original discontinuities to reduce the standing waves 
in the system. By experimental means, a matching device is placed in 
the transmission system at 2 position wnich results in the most favorable 


Vouk across the band of frequencies. 


* G. L. Ragan, KIOBOJAVE TRALSLISSION CIRCUITS, vage 609 ff. 
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ptatically rositioned watcainw devices &re usually frequency 


sensitive, and hence 2 nininue VINE may be attained at only £ faw 585 


Within @ broad band of freyueucies. ig nig power lLicroWive s¥stéa, 

as small & mismatch as possible (us seen by the Sacnetron) is desirable.* 
Tnus, for an ideal system, the matching device should be moved to 

present the proper phase of impedence eacn time tnët tne operating 
frequency is changed. A broadband matching device has been proposed hy 
Jakes*tutilizing a directional coupler. One arm of the coupler is 
terminated in & short circuited W.vegzuide of variable length. By man- 
ually adjusting the length of this &rm, the device wey ne used to match 
any load over a wide band. 

However, jf automatic selection of the Operating frequency is 
desired, then a matching device capable of automatically positioning 
itself to achieve a match in the waveguide system is necessary to 
satisfy tne oscillator requirement. 

The automatic system for wavesuide tunins to be presented in this 
thesis utilizes a tuning probe and a servo positioning circuit. Details 
of the proposed system and à qualitative discussion of system operation 
Mill be given in Chapter II to serve as a basis for further analysis; 
Chapter III will cover the pertinent characteristics of the suscentance 
probe which illustrate tne suitebility of tne probe for use in an auto- 
matic tuning system. Chapter IVY deals with the development of the scanning 


*L.w. Brown, 530811515 AND. PRACTICE Ik THE PRODUCTION OF WAVE GUIDE 
TRANSUISSION SYSTEMS, page 639 ff. 


SWN.C. Jakes, B2OADBARO MATCHING TH À DIPECTICRAL COUFIER, page 
EO ff. 
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rigure l snows a block diagram of the vronosed automatic Waveruiae 
matching system. The syste™ consists maiuly of a motor driven wave- 
guide tuner, a directional coupler, and a computer amplifier in & servo 
loop. Changes in the amplitude of the reflected wave, as sanpled by 
tne directional coupler, are converted into servo signals to drive the 
tuning elements to 2 position of match. The system is to operete 
across a band of frequencies from 8400 me, to 9600 ۰ 

The tuning element consists of a travelling probe driven hori- 
zontally and vertically by two-phase motors. Constant sampling of the 
magnitude of the reflected wave will occur in the detector located in 
the directional coupler. This signal will be fed into the servo loop, 
wnich will act to position tne probe so that tne proper value of 
admittance is presented by the tuning probe in the wave guide to achieve 
& match. In order to achieve directional sense (vertical and hori- 
zontal) for servo use, 2n additional sensing probe, mounted opposite 
the matching probe and travelling with it, will be caused to scan in a 
circular path et a constant speed. The plane of this circular path is 
parallel to the longitudinal axis of the wave guide and perpendicular 
to the broad faces. This sensing probe motion will cause tne reflected 
wave to be modulated, and this modulation envelope may be extrected and 
used as a servo signal. The information concerning the position error 
of tne matching €— with reference to the position of match will 
be contained in the phase of the modulation envelope. Ry comparing 
the modulation envelope witn reference phases in a phase sensitive 


detector circuit, this position information may be derived and applied 
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to the drive motors. 

In addition to the Min servo loon a secondary scheduling servo 
must be included. This servo will be actuated by limit switches nlaced 
at each end of the slot in the wave cuide. Since proner matching 
positions occur every half wavelength, measured along the guide, the 
slot need be only one half guide wvelength at the lowest operating 
frequency to be used. Hence the scheduling servo will displace the 
matching assembly one nalf guide wavelength in the direction opposite 
to its travel, as it approaches the end of the slot in its search for 
a position of match. 

To illustrate the modulation of the reflected wave by motion of the 
tuning probe, one may use the more familiar transmission lire in an 
analogy. In tnis analogy the tuning probe corresponds to a stub tuner 
as used in matching transmission lines. FIGURE 2(a) shows diasramati- 
cally a transmission line with a mismatched load and & stub. assume 
that some means is available for sarpling the reflected wave amplitude 
on the transmission line at some point, 3, near the generator. 

aS case 1, Essume that the stub located at point À is of the 
correct length and at the proper position so that the transmission line 
is matched. Tnen, no reflected wave amplitude will be measured at B. 

If the stub is now moved à small distance to the right, a mismatch 
Occurs, and à reflected wave amplitude will appear 2t 5, This amplitude 
will increase as the stub is moved further to the right. The saüe holds 
true if tne stub were to be roved in a similar distance to the left of 


point A. If the stub were mechanically moved with simple harmonic motion 

















through roint A for a short distatice on SMitner siae of point A, ten Gn 
amplitude veriation €t noint ®, similar to that illustrated in FIOURE 
2(b) would result. This variation, plotted as a furction of tie, would 
be at double tne frequency of tne mechanical harmonic motion of the stub. 
This double frequency wave constitutes the modulztion envelope signal 
that results when the stub is moved back and forth through the position 
of mztch. 

AS case 2, consider tnat the stub is no longer located at the 
correct atch position. Instead, let point C represent the correct 
position of match. Then an amplitude of reflected wave will be 
detected at point B. Again move tne stub back and forth a short distance 
on either side of point a, with simple harmonic motion. Assume that the 
Stub moves to the right of noint A. As the stub is being moved toward 
the nosition of match, the amplitude of the reflected wave will decrezse 
during the stub excursion to the right. On moving the stub to tne left 
of point a, away from tie position of match, the amplitude of the 
reflected wave will increase up to the maximum excursion of the stub, 
then decrease as the stub returns to point A. FIGURE 2(b) snows the 
variation in amplitude of the reflected wave just described plotted as 
a function of time. 

For case 3, consider that the correct position for Mmtch is at 
point Je Again move the stub back and fortu With simple هه‎ 0 
motion through point A, with an initial excursion to the right. Follow 
ing tne same reasoning as for case 2, a plot of tne variation of the 


reflected wave amplitude would be shown in FIGURE 2(c). 
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Note timt wave forws 2(b) and z(c) are 1809 out of phase and that 
the individual phases bear a direct relationship to the position of the 
stub relative to the desired position of match. FIGURE 2(d) represents 
à reference voltage related in phase to the mechanical motion of the 
stub. ‘Waveform 2(b) adds in phase with 2(d); wavefort: 2(c) adds 180% 
out of phase. If this addition were to occur ir- servo amplifier, the 
relative phase information could be used to move the stub toward tine 
position of maten. 

To return to tne wave guide system, tne left-right notion of the 
stub corresponds to longitudinal motion of the tuning probe in the wave- 
guide, That this is true is more fully explained in Charter IV. 

The length of the matching stub used on the transmission line is 
analogous to the depth of nenetration of the tuning probe irt the wave- 
guide, in that length of the stub may be said to determine tne magnitude 
of the reactive component associated with the stub impedance.* ence, 
variations in the lengtn of the stub in our example, correspond to 
variations in the penetration depth of the probe. Assume thet the 
transmission line in FIGURE 2 requires a short circuited stub of length 

À » located at point A for a matched line. Let the length of the short 
circuited stub be variable, to allow for variations in the reactive 
component of the stub imnedance. Again, follow through the actions and 
reasoning used for the case of horizontal motion described as cases 
۱ رت‎ @nd 3. Only now the stub remains at point 4, end the position of 
ote — The relation between probe depth and the magnitude of tiie sus- 
ceptance tnat it presents to the waveguide is discussed at length in 


CHAFTBR Iii. 








the snorting bar along tne stub is varied. To follow throusn: 

Case 4 - Shorting bar at &, stub is correct length. Harmonic 
motion of shorting bar to eitner side of point E results 
in modulation envelone as shown in FIGURE 2(e). This 
is the double frequency variation indicating the match 
position. 

Case 5 — Shorting bar at E, but now F represents correct lencth 
for match. Harmonic motion of shorting bar (with 
initial excursion towerd F) results in modulation 
envelope waveform 2(f). 

Case 6 - Shorting bar at E, with G representing correct match 
length. Harmonic motion of shorting bar (with initial 
excursion toward F) results in modulation waveform 2(¢). 

As a final condition, assume that the waveforms 2(e), (f), and (s) 

are shifted 90° in phase with reference to time to = C. This cor- 
responds to making tne initial reference time occur when the shorting 
bar is at its maximum excursion to one side of the reference position, 
This condition results in a cosine wave with respect to ty, as tie form 
of the modulation envelope. If FIGURE 2(h) represents a reference 
voltage related in phase to the mechanical motion of the shorting bar, 
then remarxs made concerning phase detection of the modulation envelope 
for the cases of horizontal stub motion apply here for the cases of 
changes in lencth. ۱ 

Thus it has been shown by 2 transmission line analogy that scan- 

ning motion of the tuning probe longitudinally along the waveguide and 


also in the vertical (or "penetration") direction results in amplitude 





modulation of the reflected wave, Furthermore, phase information con- 
tained in the modulation envelope may be used in a servo loop as a 


position error signal. 
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CHAFTSR III GENERAL BL5C0USSIORK Cr TUNING PROBE 


The general information presented in this chapter concerns the 
admittance effect of a probe inserted in a Waveguide. It is included 
as necessary background material for this thesis. It is mostly obtained 
from Ragan* wnere further details and corroboration may be found. 

A probe introduced into a waveguide parallel to the electric field 
vector results in à nearly pure susceptance being presented to the wave- 
guide system at that point. This susceptance is capacitive for in- 
sertions less than a free space quarter wave length, and inductive for 
insertions greater than this resonant length. This susceptance behavior 
is a function of probe diameter. kore correctly, it is a function of 
tne ratio of the diameter of the probe to the width of the guide. When 
this ratio is kept small, the pure susceptance approximation holds more 
closely and for greater penctration depths. 

Since it is usually not practicable to insert a probe of length 
greater than a quarter wave length into the broad face of a waveguide, 
only the capacitive susceptance effect will be considered. 

To the extent that tne pure capacitance approximation holds, the 
magnitude of the admittance is a direct function of the probe pene 
tration depth. This admittance may be presented in all the possible 
phases by adjusting the position of the probe longitudinally along 
the waveguide within a half wavelength as measured along the guide. 

For small values of insertion, the magnitude and phase of the admit- 


tance are independent of each other. 


ao. 








These features establish the versatility of the probe as a match- 
ing device. Since the probe may present any admittance in the waveguide, 
theoretically any VSWR may be set up in a waveguide system. Conversely, 
by proper adjustment of position and depth, the probe admittance may 
compensate the mismatch caused by any value of load admittance. 

as the depth of penetration of the probe is increased, the voltage 
breakdown factor of the waveguide is decreased. This determines tnat a 
system requiring deep penetration is necessarily limited to low powers. 
Thus, if used in high power microwave systems, the penetration depth 
must be kept to a low value or further steps taken to restore the 
voltage breakdown factor to a safe value. 

Specific data concerning X band components is required for use in 
Chapters IV and V. However, the data is inserted here where it may 
also serve to illustrate points brought out in this chapter. Figure 3 
shows experimental data which demonstrates the capacitive behavior of 
a 4-40 screw in an X-band waveguide system. Figure 18 illustrates the 
equipment as set up on a microwave bench except that a short section of 
oh x 9 inch ID waveguide, tapped alons the centerline of a broad face 
to hold a 4-40 screw, was used as the termination. «A resistive dry load 
was used to achieve a nearly reflectionless termination at the mouth of 
the waveguide. By varying the depth of the screw and measuring the 
resultant VSR and the distance from the nulls to the plane of the 
Screw, à Smith Chart presentation of the Boca tes was made. 


This data covered tüe frequency band from 8500 mc. to 9600 mc. 
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Figure 3 shows that the pure capacitive susceptance approximation 
holds quite well for penetrations approaching one half guide deotn。 
Frequency independence of the magnitude of tne susceptance is also 
apparent. 

The data from Figure 3 was renlotted on rectangular coordinates 
as VSWR versus probe penetration depth for that particular system. This 
plot constitutes Figure 4 and shows that the nenetration depth, if kent 
within the limits of the range specified above for shunt capacitive sus- 
ceptance, would limit tne VSWR corrections to 4:1. Beyond this pene- 
tration depth, the invalidity of the pure C approximation becomes 
appreciable as does the lowered voltage breakdown factor for the wave- 


guide. 
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CHAPTER IV DEVELOPMENT OF SCANNIRG FRINCIPLE 


FIGURE 4 is a plot of VS4R versus probe penetration depth. This 
same data may be used to plot the magnitude of the reflection 
coefficient of the probe, 74 » versus the probe penetration depth, 
using the relationship 

vswe -' 

m- Vs ンマ を ァ / 
This curve is show as FIGURE 5. This curve shows that the magnitude 
of the reflection coefficient (hence the amplitude of the reflected 
wave) is a function of probe depth. The function is not linear.  How- 
ever, over small portions of the curve, the variation of 2 with small 
changes in depth can be assumed to be approximately linear. Therefore, 
the variation in amplitude of the reflected wave for small changes in 
probe penetration depth may be assumed to be approximately linear. The 
same approximation may be made in regard to the variation of reflected 
wave amplitude thet would occur for small longitudinal displacements. 

Furthermore, if the probe were moved manually in and out for a 
small distance, about a mean penetration deptn, the amplitude of the 
reflected wave due to the presence of the probe would vary linearly 
about a mean value. If this variation of penetration depth be made 
with simply harmonic motion, then the amplitude of the reflected wave 
would vary sinusoidally with respect to time and in phase with the 
probe motion. By this same reasoning, harmonic motion of the probe 
along the longitudinal axis of the guide will result in sinusoidal 
variation of the amplitude of the reflected wave.* This is an 
extension of the technique and reasoning used in the transmission line 


analogy in Chapter II. 


“Independence of phase and magnitude chanses of admittance due to probe 
are discussed in Chapter III. 
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If simple harmonic motion of equal amplitudes be applied to the 
probe in both directions simultaneously With one motion spatially dis- 
placed 90° from the other, the probe will be caused to move in a circle. 
The plane of this circular motion will be parallel to the long dimension 
and perpendicular to the broad face of the waveguide. 

Based on the reasoning applied above, the premise is made that the 
amplitude of the reflected wave will vary sinusoidally as the vector 
sum of the sinusoidal variations due to the senarate components of 
motion of the circularly scanning probe. Since the components of motion 
being applied to tne probe bear à sine-cosine relationship to each other, 
the effects of these component motions on the amplitude of the reflected 
wave will bear this same relationship. Therefore, the total effect will 
be the resultant of thege two, or a sine wave variation displaced in 
phase from either, Data supporting this premise is presented in CHAPTER 
VII. 

Figure 18 is a photograph of a waveguide system, X Band, terminated 
in air. The directional coupler is arranged to continuously sample 
the reflected wave. A tuning probe capable of being moved in the cir- 
culer path described above is shown mounted in & waveguide section. At 
some value of penetration depth and at some longitudinal position, this 
probe is capable of matching the waveguide feed line to the air load. 
Let this position the position of match. To illustrate the premise 
just made, assume that — is actually to one side or the other of 
this position of match, and that the probe penetration depth is not 
correct for a match. Then the amplitude of the reflected wave in the 


directional coupler will represent the degree to which cancellation is 
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achieved. it some tine, t9*0, scanning notion of the probe begins. 
Subsequent horizontal motion toward the position of maten will improve 
the cancellation of the reflected wave, and tne amplitude of the re- 
flected wave will decrease. lLovement of the probe in the opposite 
direction will bring about an increase in the reflected wave amplitude. 
The same reasoning may be applied to vertical motion of the probe. 
“nen both motions are combined, the amplitude of the reflected wave 
will vary as the sum of tne separate effects of the scanning motion. 
But most importont is that the phase of each modulation component 
relative to the phase of the mechanical scanning motion will bear a 
direct relation to the position of the probe relative to the position 
of match. This phase information will therefore be contained in the 
ie of the reflected wave modulation envelope (relative to the 
mechanical phase of the scanning motion) .* 

Tt follows that it may be possible to extract the phase 
information contained in the modulation of the reflected wave. As this 
phase information contains direction sense, it misnt be possible to 
apply it in some manner to a servo system wnich will drive the probe to 
the position of match. The important part of the premise made is that 
the modulation of the reflected wave contains a "sine" component and 
a "cosine" component, due respectively to the ون‎ components of 
mechanical motion of the probe in its circular motion. 

À flaw appears in d plan to scan the m@tcning probe. The var- 
iation of tne aiplitude of the reflected wave for small vertical 
displacements of the probe is not constant for all penetration depths. 
*The action discussed in tnis paragraph is given a very limited treat- 
ment here since it is more fully covered in the treatment of scanning 
effects given in the next chapter. 


— 





For relutively deeo renetrations, 2 swall variation in @erth mroduces 

a much greater variation in VR than occurs at lesser nenetrations 

with tne same depth variations. PIRE Ó is a plot of the derivative 
(with respect to A depth) of the curve in Figure L, and shows the 
variation in VSR for several values of vertical disrlacements at the 
penetration deotüus under consideration. Further investigation showed 
that the scanning motion could be divorced from the matching probe by 
placing an additional probe in the broad face of the guide just opposite 
the mein probe. Then the effect of making small changes in the pene- 
tration depth of this second probe on the VSĪR is tne same for all 
values of penetration of the matching probe. The waveguide section 
used previously to obtain the data for FIGURE 3 was altered by the 
addition of anotner 4-40 screw in the broad face opposite to the first 
Screw. Jata was then taken using the same bench setup described in 
Chapter III. This data aprears in FICURZ 7 to support the statement 
concerning the effect of tne second probe. The approximation of the 
linear behavior of tne VSR for small vertical displacements of the probe 
et all penetration depths is considered to be achieved. 

Hence the scanning motion will be assigned to a second orobe, nere- 
inefter called the "sensing" probe. The broed band feature desired in 
this device requires that the sensing probe be mounted vertically 
Opposite tie matching probe. The electrical position of tne sensing 
probe in the waveruide الأب ی‎ always be the same as that of tne 
matching probe, At a given frequency this vould allow a half guide 
wave lencth displacement in either direction, but a change in operating 


frequency changes the wave length in the waveguide. Thus, trie sensing 
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probe must either change its position relative to the matchir 
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CHAPTER 7 ANALYSIS OF SCANNING EFFECTS 
«4 





FIGURE 8 


À waveguide system containing a susceptance probe at some position 
J^ is shown in FIGURE 8. Let the point at which it is desired to 


examine the electric field be at distance X , measured from the 
generator. Then 
5 £. ojx + d 
۰ ES + pals x) 


where 


Eg resultant electric field at point X (x« X,) 


A incident electric wave at sending end 


〆 


reflection coefficient at Kje Z, X], and Ko are 
distances measured along the waveguide as shown. 

The effect of scanning the probe in the circular path described in 
Ohapter IV is to cause a and El to vary as some function of the scan- 
ning frequency. This in turn causes the admittance at Z4 to vary. It 
must be noted however that the admittance at Z, consists of the admittance 


of the probe in parallel with the load admittance transformed to x: 
Hence, let 

Y = total normalized admittance at デュ 

Y, = normalized admittance of the probe 


7 
Y, = normalized admittance of load trensformed to xi 


É = reflection coefficient at と 1 


ん 


reflection coefficient at Xo 
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Then 


eu fh. / -(Y«Y) 
+ á uU 
a ۱ )هم لا‎ (Y ET") 
Longitudinal displacement of tne probe along tne waveguide chances 


an 。 Vertical displacement. of the probe changes 


— | 


Y 。 ience investi- 


| of ۱ 
gation of the effects of some form of perturbation in Y, and YE would 
involve such mthematical complexities that a more direct method of 
approach seems desirable. 

Since the problem may be studied fro tie point of view of the 
admittance of the waveguide at X (looking toward the load) the Smith 


Chart may be used to illustrate tne matching operation for a given set 


of conditions. For illustrative purposes let 


Yas- 3.0 
(%,-z) = ZA 


as iupedances are repeated every half wave length, measured along 
tne waveguide, the effect of the matching probe admittance need only be 
investigated at a number of points within one half wave length from the 
load. FICURES 9 and 10 show tne locus of Dw for values of Yorobe E tj. 
and Y probe = +j0.6 respectively, for eight positions of the stub along 
the waveruide, It may be seen that the locus of Vin forms a closed 
loop, more or less E in shape, as tne position of tne vrobe is 


varied over a half wave length, measured along the waveguide. Comparison 
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FIGURE 9 
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of tne two figures snows that as p increases tne "elliptical" 
locus gets larger. 

By drawing the inner tangent circle to the innut admittance locus 
the probe location that gives the lowest VS.R for the value of Vers 
used may be found. In both cases, this longitudinal position is seen 
to be between stations 2 and 3. The longitudinal position that gives 
tne highest VSR may be determined by drawing the outer tangent circle 
to the input admittance locus. This position for both cases lies be- 
tween stations 7 and 8. 

Investigation of the effects of the scanning in tion of the probe 
may be carried out using FIGURE 9. Considering first the longitudinal 
motion of the probe, the admittance plot shows that movement of the 
probe from one station to another causes Veto move along the elliptical 
locus. As tne VSR changes with changes in DM ; it follows that the 
amplitude of the reflected wave must vary also. Let the nominal position 
of the matching probe be at station 2. Small excursions to either side 
of station 2, corresponding to the horizontal component of scanning 
motion, will result in variations in Yn, hence in the amplitude of 
the reflected wave. A similar variation in reflected wave amplitude 
occurs if matching probe is at station 4, undergoing slight dis- 
placements to either side of station kl. À very important difference in 
the variations does exist however. If the initial excursion of the 
sensing probe is always in the same direction - say toward station 1, 
for any position of the matching probe assembly = then the phase of the 


resultant variation in reflected wave amplitude due to horizontal 


scanning motion experienced at station 2 is opposite to tiat experienced 
at station 4. To state more simnly, with tue probe at station 2, a 
longitudinal excursion toward station 1 increases tne reflected wave 
amplitude. With the probe at station 4, a similar excursion toward 
station 1 decreases the reflected wave amplitude. The position of 

most favorable match lies at the point of tanrency between stations 2 
and 3. Hence, the phase of the modulation envelope of the reflected 
wave relative to the phase of the mechanical horizontal scanning motion 
depends upon tne position of the probe relative to the position of match. 
This substantiates the observation made in Chapter II using the trans- 
mission line analogy. 

An increase in probe length results in an increase in probe sus- 
Sceptance.* The effect of an increase in probe susceptance at each 
station is shown by the small arrow at thet station. In order to vis- 
ualize the effects of the vertical scanning motion, (which effectively 
vàries the susceptance) it is necessary to recall that for the particular 
cases shown in FIGURES 9 and 10, the probe susceptance is inadequate to 
achieve a match. Thus, in FISUR3 9, the arrows in the region of the 
position of most favorable match show that for vertical excursions to- 
ward greater probe depth, the value of tne reflected weve amplitude 
decreases. For excursion in the opposite direction, the reflected wave 
amplitude increases, If one visualizes the locus of Yw that would result 
for a much greater value of Y. probe, (so that the admittance point 


1+ j0 is enclosed in the locus), the opposite sensing would be obtained. 


* Discussed in Chapter III. 
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In this case the amplitude of tne reflected wave would increase 
for a probe excursion toward greater depth. Hence the phase relction- 
ship between the modulation envelope resulting from the vertical scan- 
ning motion and tne mechanical scanning motion does exist. 

A vertical sensing ambiguity is apparent however. If tne matching 
probe is at stations 6, 7, 8, (in FIGURE 9), the arrows show that a 
decrease in probe susceptance is erroneously indicated. Longitudinal 
travel of the matching probe assembly toward the position of match 
would soon correct this ambiguity. But for the time that this ambiguity 
exists, some provision in the vertical positioning mechanism must be 
made to prevent the probe from withdrawing completely from the waveguide. 
Or, considering the opposite case where the vertical sensing may call 
erroneously for greater penetration, some provision must be made to 
prevent the probe from striking the opposite face of the waveguide. 
These provisions may be in the form of a positive stop and a magnetic 
clutch arrangement in the vertical drive system. 

Next, consider the scanning effects when the probe is at a position 
of match. By following the reasoning used previously in connection with 
FIGURE 9, scanning motion in each direction will produce tne double 
frequency modulation envelope variation indicated as the mtch position 
Signal in Chapter II. Again, this requires that one consider the locus 
passing through the normalized admittance point 1+jO, to observe the 
double freouency effect in connection with the vertical component of the 
scanning motion. 

There is another possible position of the matching probe where scan- 


ning will produce a double frequency effect. This is the position where 


ات 





sf 


the outer circle is tangent to tue locus, the "least favorable" position. 
On FLARE 9 this occurs between stations 7 and 8. At this point the 
horizontal component of scanning motion will produce a double frequency 
wave.  Tnis is a position of instability however, for on either side of 
this position the normal error signal will be generated. Furtnermore, 
once the matching probe moves off this position there is no tendency 
for it to return. This is not the case at the correct position of 
match. In the particular case in FIGURE 9, should the probe move 
through station 8 from this unstable position the schedule servo will 
cause the matching assembly to move back to the region of station 1, 
whence the normal searching procedure will continue, 

As a final note, it is apparent that the amplitudes of the separate 
components of the modulation envelope will not be constant as tne match- 
ing probe passes through all the stations. Neither one will go to 
zero however, nor will both component amplitudes be a minimum at the 
same time, 

As described in Chapter IV, the sensing probe will move in 2 cir- 
cular path, the plane of this path being parallel to the long dimension 
of the waveguide system. If the depth of penetration of the sensing 
probe varies as the cosine of the angle of rotation of the probe, the 
horizontal displacement of the sensing probe will vary as the sine of 
this angle of rotation. The effect of tnese components of motion of dli: 
probe on the reflected wave auplitude will also bear a cosine-sine 
relationship to each other. Therefore, the modulation envelope of the 


reflected weve will represent the sum of these two components. This 
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modulation envelope is the aC signal available to tne servo system as 
an error signal. 
For the addition of a sine wave and a cosine wave of equal angular 


frequency the following general rules hold: 





(a) If the amplitudes 2re equal the resultant will be a sine wave 
of 1.41 times the amplitude of either component and advanced 459 in phase 
with respect to the original sine component. 

(b) If the amplitudes are unequal the resultant will always be 
greater than either component and the phase advance will be 25946 with 
8 representing the angle 


6 = TAN و‎ Is! = M 
IR! 


Omay be negative. ۱ 
Since the amplitude of the separate lis of the modulation 
envelope will in general not be equal, condition (b) above will usually 
prevail. The effect of this inequality of amplitudes will be discussed 
further in Chapter VI under phase detection. 


To observe how the direction sense contained in the Separate com 


ponents of the modulation appears in the modulation envelope waveform, 


refer to FIGURES 11 and 12, FIGURE 11 shows the four general cases of 
mismatch. FIGURE 12 shows the modulation components as they are gene- 
rated, and the resultant modulation envelope as it will appear as a 
En of the addition of the pairs of components. Note that the sean- 


ning circle is traversed by the sensing probe always in the same direction, 
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2 11 The four general cases of positions of mismatch of probe 
in waveguide , sham relative to the position of match. | 
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The positions of tne «wwtching asseubly shown in Fins lk correspond to 
those indicated in FISU 11, as do the lettered points on the scanning 
cycle. Consider qualitatively the resulting variation of the anplitude 
of the reflected wave when the matching assembly is at the point of mis— 
match (position 1, FISUNS 11). As the sensing probe moves from "d" to 
ta", tae component of the reflected weve modulation due to horizontal 
motion increasesgsince vrobe is moving further away from the correct 
horizontal position of match, reaching a maximum at "a". At tne same 
time the vertical component of the reflected wave modulation decreases, 
reaching zero cat "a" since the depth represented by "a" is the reference 
depth for the sensing probe. From "a" to "b", the horizontal component 
decreases, reaching zero at "b", which is the reference horizontal 
position. The vertical component continues to increase, since the 
effect of added probe depth is to increase the mismatch. From "b" to 
"ce", the horizontal component continues to decrease, reaching a min- 
imum at "c". The vertical component decreases also, since the effective 
probe depth is decreasing, Which is £s desired. From "c" to "q", the 
horizontal component begins a return to zero, the vertical component 
continues to decrease toward the minimum. 

Hence, the effect of the scanning probe is to add two components 
to the reflected wave Ep, one a varying as the sine of the scanning 
angle, the other as the cosine of the scanning angle. Application of the 
same reasoning at positions 2, 3, and h, will result in the component 
variations as shown in FIGURES 2(b), 2(c), and 2(d). It is seen that the 
phases of the components relative to each other at tne time in the 


initiation of the scanning cycle, t, = o are set mechanically by the 
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initial position of the getching assembly aiong tne guide relative to 
tne ultimate position of match. It will be ¿ssumed tiet tre assembly 
is alweys in the wavecuide system and at a random vosition when the 
system is energized. 

Tne resultants due to the addition of the horizontal and vertical 
components are shown in FICURZS 2(e)-(h), plotted against the zero 
time reference t, = 0, used for FIGURE 2(a)-(d). These are seen to be 
sine waves of varying phases corresponding to tne relative phases of 
their sine and cosine components as modified by the addition vrocess, 
noted previously. 

Next, it is important to consider the form of the reflected wave 
modulation when the matching probe is at a position of match, and the 
sensing probe is Scanning. This is best done by tne technique just 
used. Referring to FIGURE 11, the matching probe is considered to be 
at position "0", In a manner similar to that used in FIGURE 12, 
the waveforms of the components of the modulztion envelope due to scan- 
ning are shown in FIGURE 13. At a position of match, all the reference 
points, à, b, c, d, on the scanning cycle used as in FIGURE ll, rep- 
resent position of maximum reflected wave amplitude due to scanning 
motion. Thus, the horizontal and vertical components vary at twice 
the scanning frequency and the resultant also varies at twice the scan- 


ning frequency. 


so. 





el 





ME 
probe id av a 


t 





T 
» 


(e. 





-一 -一 一 (一 一 一 一 一 


L 
| 
| 
| 


— — — 一 一 一 一 一 一 人 —— — — — — 


本 


B B ees 1 SS くだ ۱ 
— — = en —, — — — r — carp — 
ویو‎ 了 ES A = od 


— — A بت‎ 








CHAPTER VI UTILIZATION OF SIGNAL IM SERVO SYSTEM 


It has been shown that the effect of the circuler seins aman 
on the reflected wave is a sinusoidal variation in amplitude. The 
phase of this wave is related to the phase of the components of the 
mechanical scan as a function of the direction of tne error of position 
of the matening assembly with respect to the position of match. as 
the modulztion envelope of the reflected wave is of interest, it may be 
extracted and amplified in an audio frequency amplifier to any desired 
level. 

Tne directional sense for servo use is carried in the phase of 
the modulation envelope with respect to the corresponding mechanical 
phases of the components of motion of the circular scan. These 
reference phases may be presented electrically by the output of a two 
phase generator geared mechanically to the sensing probe. The mechanical 
scan components then appear as an electrical sine and a cosine wave 
representing the horizontal and vertical components respectively. By 
comparing the phase of the modulation envelope with the reference 
phases, the required servo directional sense may be extracted. 

One such phase comparison circuit is the phase sensitive detector 
shown in FlUURS lh. Here the reference phases are each added to, and 
subtracted from tne modulation envelope and the resultants are detected 
so that two pairs of DC levels result. These DC levels represent the 
degree to which the modulation envelope was in phase with each reference 
phase and its 1809 image. The servo direction sense carried by the 
phase of modulation envelope now appears 2s the difference between the 
DC levels in each pair. 
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This action can be illustrated for the ceneral cases som in 
FIGURE 11, where tne resultant nodulution envelores for eacn of the 
four possible cases of mismatch are as shown in FICURZ 12 (2h), 
FIGURE 15 (a-d) shows the reference sine and cosine phases as they 
appear on each side of the secondaries of the transformers in the 
phase sensitive detector. Zach of these is assigned a direction to 
correspond to the desired direction of servo motion, (as illustrated 
in FIGURS 11), for tne various positions. The modulation envelopes of 
FIGURE 2 (e-h) are plotted on these reference phases, maintaining the 
Same relative phase as was used in FIGURE 12 (i.e., testo = 0). The 
resulting waves, as seen by the diode detectors, are Shown. The mag- 
nitude of the DC levels that result may be deduced from the relative 
magnitudes of the waves so that if servo motion were made to occur in 
the direction indicated by the dominant DC levels in each case, the 
proper correction of the position of the matching probe assembly would 
be inade. 

FIGURE 15(a) shows that the dominant DC levels, hence the position 
corrections, are "right" and "up", which corrections are seen to be 
required from FIGUE 11. Similar comparisons may be made between 
positions 2, 3, and 4, from FIGURE 11 and FIGURES 15 (b), (c) and (d), 
respectively, 

À partial schematic for an error detector and servo system is 
shown as FIWE 16, wherein magnetic amplifiers are used to control the 


action of two 2-phase control motors. Here the difference in 2C levels 
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amplifier primary located in the push-pull DC agrlifier plate circuits, 
The direction of flow in the control pnase of tue drive motors is then 
derendent on tie dominant JC level at XX. ana yy} resoectively. The 
circui?^. is s*"own for . {M c ele sum voltam, selected tecause the 
size of the resultins components is of the same order as the 6 
size, 

At the position of match, tne aC error Signal has been shown in 
Chapter V and elsewhere to be a variation ut twice the scanning 
frequency. Hence the inclusion of a low yess filter in the audio fre- 
quency amplifier so that tnis harmonic will not pass. This results in 
eoual 2C levels at points ad ana ۳ (FIGURE 12), equal currents, in 
the DC amplifier plate circuits, and no current in the control phases 
of the drive motors, This marks the "null" position which will end 
tne matching cycle. 

The preceding discussion applies to the general case of initial 
mismatch wherein the megnitude of the two components of the nodulation 
envelope are assumed to be of the same order of magnitude. It has been 
shown in Chapter V however, that the relative size nay vary such that 
one is at a maximum while the other is a minimum. The greatest effect 
of an appreciable difference in magnitude between the components of the 
modulation envelope lies in the resultant value of the angle 9 (using 
the notation of Chapter VJ). 9 represents the departure of the phase 
angle of the modulation envelope from the 45° advance with respect to 
the horizontal component. Thus a phase ambiguity exists, approaching 


-45° where one component is on the order of 10 tines the other. The 


— 





phase detection action under these conditions nay be examired in a 
manner similar to thet used for FIGURE 15. FIGURE 10 shows that in 
the region around station 5, tne amplitude of the component of the 
modulation envelope due to the vertical sensing action is a ninimun, 
The amplitude of the component due to horizontal sensing is à maximum 
at this station. Hence the modulation envelope will be of the form 


Ep ER sinw t 


E 
11 


modulation envelope of reflected wave 


RN = magnitude of component of modulation envelope due to 
horizontal sensing motion 


Ws= angular frequency of rotation of the sensing probe 

The subsequent phase detection action is shown in FIGURE 17. 

A "right" signal will be given to the horizontal drive motor, while 
the vertical drive motor receives no signal. The matching probe will 
soon be moved away from the narrow region of minimum vertical sense 
sensitivity. 

The region of minimum horizontel sense sensitivity occurs near 
the positions of "most favorable" and "least favorable" match. This 
determines the required sensitivity of the audio frequency amplifier. 
Since the amplified error signal must be of the same order of magnitude 
as the reference phases, (about 12 volts peak*), the required ampli- 
fication based on this minimum signal may be computed, 

Assume that the minimum position error allowed corresponds to a 
VSWR of 1.05:1l. This is based on the chance in VSR corresponding 


to the scanning radius of ".025 for the sensing probe as shown in 


“Note:  XEAAFOTT SF CGandRaTor XV - 1 - 16245 
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FIRE 6, Hence 


For Ve lwo5:1 = db (level of reflected nave co pared 
to incident Ve, 


Using “0 db directional وه‎ = -20.db (level of reflected 

ave in directionel coupler compared 
^ reflected wave in waveguide) 

Total drop at detector Z -52.3 db from incident waves 
Then, if 1 milliwatt incident in suide 

Fdetector 2 1,7 x 107? x 107? 2 1.7 x 107 watts 
It is known that for typical crystal (31823), the minimum detectable 
power is .5 x 10-8 watts which gives l 4 volt across 200 ohms.* 

If minimum incident wave considered is 20 miJliwatts, comonly 
used in experiuental work, then 

Fdetector = 1.7 x 10-6 x 202 34 x 10-8 watts 
Since crystals are square law devices, **where doubling tne power input 
doubles the voltage output, 34 x 10-8 watts vives 68 4 volts across 
200 ohms. This represents the required sensitivity of the preamplifier. 
Total gain of audio frequency amplifier must then be in the neignbor- 
hood of 148,000. 

In summary then, the servo amplifier and detector suggested in tnis 
chapter will function to position the probe assembly longitudinally and 
at tne correct depth to affect a match for zn unmatched load in a wave- 
guide system, 

NELC. Torrey and Ci Nhitner, CRYSPAL RECTIFIERS, page 335 gives 
1.5 “emp/, u watt with no load resistance gs . The figure used 
above has been experimentally derived at Dalmo Victor Company, where this 


figure is specified as a basis for design. 
**ibid pare 333 ff. 
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CHAPTER VII EEMAL WMA 


Experimental dota ws gathered into phases: first, to in- 
vestigate the modulation envelope variations due to each component of 
motion separately, and second, to investigate the variation of modulation 
envelope due to the circular scanning motion of the sensing probe, In 
each case a bench setup as shom in FICURE 18 was used, The variation 
of tne level of the reflected wave being the main point of interest, 
this was measured directly usirg a l0 db directional coupler* and an 
HP-=415 power level meter. 

Data in phase 1l was taken using the probe and carriage model as 
snown in FIGURE 19. This carriage allowed variations in the position 
of the sensing probe relative to the matchins probe so that horizontal 
or vertical motion alone could he acnieved. The data shown in FIGURE 
20 is but one of many such sets taken and is shown as being tyrical of 
its kind, since tnere seems to be no logical way to combine the data 
for tne Many possible combinations of load, matching probe position 
and derth and freauency change into one diagram. lor does there seer 
to be much to be sained from such a presentation. FIGURE 20 snows the 
variation due to horizontal displacenents of sensing probe as shown 
for a longitudinal position whicn permitted a signal of sufficient 
strength to be read accurately on the test equipment available, The 
tunable klystron used (Varian X-13) suffers froim power output variations 
of small magnitude but sufficient to rake the acquisition of consistent 


data difficult, since the variation in the level of tne reflected wave 


Rote: Tnis refers to the power level of the reflected wave in the 
directional coupler compared to tnat of the reflected wave in the 
waveguide, 


E 





Bi- 


mt -| 
| 


| © 
| 








Carriage as used to investigate variation of Er due to horizohtal and 
vertical components of motion. 
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Carriage as used to investigate variation of Zr due to circular 
Scanning motion of sensing probe, 
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sought were small, Hence “any runs were Made, uid FIGURE 20 represents 
en averace of tnese runs. 

FICUS 21 shown tne variation of the modvlation envelope due to 
vertical displacements as indicated in tite figure. The sake comments 
given just above april, here also, The two sets of date shown do 
illustrate several points: 

l. The waveforms of the modulation envelope due to the motion 
of the sensing probe along the paths previously described as the paths 
of the component harmonic motions wnich make up the circular scan 
(Chapter IV) are the sine and cosine waves predicted from the theoretical 
analysis, Furthermore, tnese separate waves are in phase with the 
position of the sensing probe relative to the reference position. 

2. The order of magnitude of variation in power level of the 
reflected wave due to similar excursions of the sensing probe in 
either direction (i.e. horizontal and vertical) are about the same, 
co that other conditions being equal, the magnitude of the components 
due to each harmonic motion of the scan are equal. 

The data for variation of the modulation envelope due to circular 
scanning motion of à sensing nrobe was taken using an assembly as shown 
in FIGURE 22, Here again tne curves shown are subject to errors 
previously described, but are considered to he typical. Chosen to be 
represented are waveforms corresponding generally to those positions 
of the matching probe shown in FIGURE 11, These positions were found 
by a trial and error process, which process can be more quickly carried 
out on a bench set-up than they can be calculated. The resulting 


modulation envelope waveforms in FIGURE 23 are seen to be very similar 
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to those shown in FIGURE 12 » and indicates that the experi 


r bears out the conclusions made in the theoretica] 
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CHAFTER VIII  CONCLUSIU 


lt nas been the purpose of this thesis to investirate and apply 
the susceptance nrobe for use in an automatic waveguide matching system. 
The servo loop design, and the manner of utilizing the AC component of 
the reflected vave are not to be taken as the final answer to the 
problem, but rather they are presented as a basis for furtner investi- 


pation. FIGURE 24 is a sketch of the proposed device as it is being 


constructed. The model, it has been found, cannot be made up satis- 
factorily except by sxilled commercial facilities, since component 
dimensions and smooth mecnencial operation are critical factors. “hen 
the model is available, further investigation will be required to 
definitely fix the manner of operation of the complete system. 

It is felt however, on the basis of the investigation presented 
here, that the principles of operation are established: i.e., tnat a 
positioning signal can be derived from a mechanical circular scan of 
the sensing probe, the signal being made un of amplitude variations of 
the reflected wave, over a broad radio frequency range. 

Other areas for investigation, once the operation of the device 
is attained, concern the adaptability of the automatic tuner to a high 
power microwave system, to an automatic phase plotting device, and refine- 
ments of the servo loop such that the tuner may follow cyclic variations 
of mismatch as are experienced with rotating joints and scanning dishes. 
The last named use refers to cyclic variations of a fairly low 
frequency. It js not likely that servo system design will permit the 
response tines that would be required to follow tne high speed conical 


scanning rates of some of the present day radar equipment. 
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